Abstract. Glioma is among the most common types of cancer of the central nervous system and is difficult to cure. Due to the lack of glioma-specific treatments, patients with glioma exhibit high mortality rates. MicroRNAs (miRNAs) participate in the pathogenesis of glioma, and upregulation of specific miRNAs promotes cell proliferation, whereas apoptosis-inducing miRNAs are markedly downregulated in the context of glioma. Therefore, miRNAs may be important contributors to the pathogenesis of glioma. In the present study, nine miRNAs were investigated as miRNA-miRNA pairs, and the measured cell viabilities were consistent with the results of synergy predictions. Extensive synergy occurred among upregulated miRNAs in U87 cells, whereas downregulated miRNAs rarely exhibited synergism. Treatment with an miRNA-miRNA pair exhibiting strong synergy increased the inhibitory effects of these miRNAs on tumor cells, and the combined inhibitory effects were increased compared with the sum of the individual inhibitory effects of each miRNA. Using cell viability assays, TUNEL staining, and flow cytometry, the present study demonstrates that cotransfection with miR-20a and miR-21inhibitors resulted in the highest synergistic effect on the promotion of apoptosis in U87 cells. The results of the present study provide important insights into the potential use of miRNAs in the treatment of glioma.
Introduction
Glioma is an incurable primary malignant tumor with a high recurrence rate. The life expectancy of patients with glioma is ~1 year, and that of patients exhibiting recurrence is ~4 months (1) (2) (3) . Survey results have demonstrated that the incidence of glioma has increased in recent years. The principal treatment regimen used clinically is surgical resection followed by chemotherapy (4); however, this treatment regimen is not able to cure glioma as gliocytes exhibit invasive growth with unclear boundaries from normal brain tissue, resulting in incomplete surgical resection, and may be resistant to chemotherapy (5, 6) . Therefore, improved therapies are required to achieve improved clinical outcomes and reduce the rate of recurrence in patients with glioma.
Numerous studies have demonstrated that microRNAs (miRNAs/miRs) are extensively involved in regulating mutations in glioma-associated genes (7), cellular invasion, migration, apoptosis (8) and blood vessel formation around the residual tumor (9) . Analysis of the expression levels of miRNAs in normal brain tissue compared with glioma has demonstrated that 22 miRNAs, including miR-15a, miR-16, miR-21, the miR-17-92 cluster, miR-26a and miR-221/222, are upregulated in glioma and promote the proliferation, migration and invasion of cancer cells (10) (11) (12) (13) , whereas 33 miRNAs, including miR-7, miR-137, miR-145, the miR-181 family and miR-195, are downregulated and inhibit apoptosis in cancer cells (14) (15) (16) . The oncogenic miRNA miR-21 has been observed to be associated with malignant glioma, and its expression level is directly associated with tumor grade; patients with low miRNA-21 expression exhibit increased survival times and improved clinical outcomes (17) .
In long-term studies, researchers have demonstrated that a single miRNA is able to regulate >100 proteins encoded by target genes and that approximately one-third of proteins involved in common biological activities are regulated by different miRNAs. Therefore, various miRNAs exhibit synergistic activities and are able to regulate identical target mRNAs to mediate the same biological process (18, 19) . In a previous study, miR-1 and miR-21 were demonstrated to function synergistically during myocardial ischemia, as predicted by synergy score calculations and validated by cellular experiments (20) . Simultaneous modulation of two miRNAs was observed to have apoptosis-inhibiting effects on cardiac myocytes and to allow for a reduction in the concentration of miRNAs in order to effectively avoid off-target effects (21) .
Therefore, it was hypothesized that miRNAs may act synergistically during the regulation of proliferation and apoptosis in glioma. The present study aimed to identify glioma-sensitive miRNA combinations with potential synergistic regulatory effects based on synergy scores and to validate such miRNA combinations at the cellular level, in order to provide a rational, effective, novel noncoding RNA-based treatment strategy for the prevention and treatment of glioma.
Materials and methods
Collection of patient tissues. The present study was performed with the ethical approval of the Human Ethics Committee of The First Affiliated Hospital of Harbin Medical University (Harbin, China) in accordance with the Declaration of Helsinki, and written informed consent was obtained from all enrolled patients. Noncancerous brain tissues were collected from the temporal lobes of four patients with epilepsy. All tissues were frozen in liquid nitrogen immediately following surgical removal and stored at -80˚C.
Cell culture and transfection. U87 cells, obtained from the Cell Resource Center of the Shanghai Institute of Life Sciences (Chinese Academy of Sciences, Shanghai, China), were cultured in high-glucose Dulbecco's modified Eagle's medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) and 100 U/ml streptomycin/penicillin (Beyotime Institute of Biotechnology, Haimen, China) at 37˚C with 5% CO 2 . miRNA mimics/inhibitors and negative control (NC) were synthesized by Guangzhou RiboBio Co. Ltd (Guangzhou, China), and sequences are presented in Table I . Following starvation in serum-free medium for 12 h, U87 cells were transfected with miR-7, miR-181 and miR-195 mimics, miR-15a, miR-16, miR-20a, miR-21, miR-26a andmiR-222 inhibitors, or NC using Xtreme GENE siRNA transfection reagent (Roche Diagnostics, Basel, Switzerland). Transfection concentrations ranged between 10 and 50 nM.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from normal brain tissue and U87 cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. A total of 0.5 µg RNA was reverse transcribed into first strand cDNA using a ReverTraAce ® qPCR RT kit (Toyobo Co., Ltd, Osaka, Japan) in a 10 µl reaction mixture containing the following: Total RNA (0.5 µg), 5X RT buffer (2 µl), RT Enzyme Mix (0.5 µl), Primer Mix (0.5 µl), made up to 10 µl with Nuclease-free water. The RT reaction was performed as follows: 25˚C for 10 min, 37˚C for 120 min, 85˚C for 5 min and termination at 4˚C for 5 min. The expression levels of miR-15a, miR-16, miR-20a, miR-21, miR-26a, miR-222, miR-7, miR-181 and miR-195 were determined using SYBR Green Mix (Invitrogen; Thermo Fisher Scientific, Inc.) on an ABI 7500 Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The PCR conditions used to detect the miRNAs were as follows: 95˚C for 10 min and 35 cycles at 95˚C for 15 sec and 60˚C for 1 min. The miRNA expression relative to U6 was calculated using the 2 -ΔΔ Cq method (22) . The primers for amplification of U6, miR-15a, miR-16, miR-21, miR-20a, miR-26a, miR-7, miR-181, miR-222 and miR-195 are presented in Table II .
Cell viability assay. U87 cells were cultured in 96-well culture plates at a density of 5x10 4 cells/well. Cell viability was assessed by measuring mitochondrial dehydrogenase activity. Following miRNA transfection, U87 cells were incubated with 10 µl MTT (0.5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37˚C for 4 h. The purple formazan crystals were dissolved in 150 µl dimethylsulfoxide. The absorbance was measured using a spectrophotometer (Tecan Group, Ltd., Männedorf, Switzerland) at 490 nm.
Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) staining assay. TUNEL staining was detected using an in situ cell death detection kit (Roche Diagnostics) according to the manufacturer's protocol. Following three washes with PBS, U87 cells (2-5x10 6 ) were fixed with 4% paraformaldehyde at room temperature and permeabilized in 0.1% Triton X-100 sodium citrate buffer on ice. The kits were used to label apoptotic cells, and the nuclei were stained with DAPI. The numbers of total cells and TUNEL-positive cells were automatically counted using Heat map analysis. MATLAB software (vR2012b; MathWorks, Inc., Natick, MA, USA) was used to produce heat maps. Relative cell viability data was inputted and calculated using the surf function to obtain a three-dimensional colored surface model.
Statistical analyses.
GraphPad Prism v6.0 software (GraphPad Software, Inc. La Jolla, CA, USA) was used for statistical analysis. All data are expressed as the mean ± standard error of the mean. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Bonferroni's test. P<0.05 was considered to indicate a statistically significant difference.
Results
miRNAs are aberrantly expressed in U87 cells. Based on previous reports demonstrating aberrant expression of miRNAs in glioma cells, the expression levels of nine miRNAs in U87 cells and normal brain tissue were examined using RT-qPCR. Compared with the expression levels of miRNAs in normal tissue, miR-15a, miR-16, miR-20a, miR-21, miR-26a, and miR-222 were upregulated in U87 cells by 5.8-, 5.0-, 6.2-, 6.4-, 7.3-, and 6.0-fold, respectively. By contrast, miR-7, miR-181, and miR-195 were downregulated. miR-21 exhibited the most marked alteration among the six miRNAs, exhibiting increased expression in U87 cells. The expression levels of the three downregulated miRNAs exhibited similar rates of reduction, with an average relative expression level of ~0.35 ( Fig. 1) .
Effect of miRNAs on the cell viability of U87 cells. U87 cells were transfected with miRNA inhibitors and miRNA mimics at 30 and 50 nM, and their effects on the U87 cells were investigated using cell viability assays (Fig. 2) . The results of the present study demonstrated that miR-21 and miR-26a inhibitors exhibited effects on the viability of U87 cells when used at 30 nM; as the transfection concentration increased to 50 nM, the inhibitory effects of the miRNA inhibitors and mimics on cell viability were markedly increased.
Synergistic effects of miRNAs on the viability of U87 cells.
In order to identify miRNA combinations with synergistic effects, the above-described miRNAs were investigated as miRNA-miRNA pairs according to calculated synergy scores. According to the miRNA transfection concentration test, cells were cotransfected with two miRNA inhibitors (1:1) at 30 nM each, in order to avoid off-target effects induced by high concentrations of miRNAs and to screen out miRNA combinations with potent synergistic effects at low doses. A total of six upregulated miRNAs were divided into miRNA pairs as follows: miR-20a/15a, miR-16/20a, miR-21/16, miR-21/15a, miR-21/20a, miR-16/222, miR-21/222, and miR-21/26, and cells were cotransfected with these miRNA pairs. Compared with the NC group, U87 cells exhibited significantly reduced cell viability following cotransfection with two low-dose miRNAs. Additionally, following cotransfection with miR-20a/15a, miR-16/20a, miR-21/16, miR-21/15a, and miR-21/20a inhibitors, the combined inhibitory effect of each miRNA pair on the viability of U87 cells was increased compared with the Table II . Primers for reverse transcription-quantitative polymerase chain reaction. sum of the individual inhibitory effects of each of the transfected miRNAs. Cell viability was reduced to 77.2 and 88.4% following transfection with miR-21 inhibitor and miR-20a inhibitor, respectively, whereas viability was 48.5% following cotransfection with miR-21 and miR-20a inhibitors together, indicating that miR-21 and miR-20a exhibited the most potent synergistic inhibitory effect on the viability of U87 cells (Fig. 3) . Following investigation of the synergism of upregulated miRNAs, downregulated miRNAs, miR-7, miR-181 and miR-195, were investigated as miRNA pairs. It was observed that, although cotransfection with miR-7/181, miR-7/195, and miR-181/195 mimics resulted in marked reductions in cell viability compared with that in the NC group, the effects were additive rather than synergistic effects (Fig. 4) .
Primers ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Screening of the potent synergistic effects of miR-21 and miR-20a.
Following identification of the potent synergistic effects of miR-21 and miR-20a, the synergistic effects were further investigated at different concentrations and concentration ratios in the range of 10-50 nM. Cell viability assays and heat map analyses demonstrated that with the same transfection concentrations, miR-21 exerted increased effects on cells compared with miR-20a. The miRNA pair of miR-21 (30 nM) and miR-20a (30 nM) exhibited the most marked inhibitory effect on cell viability (Fig. 5) .
Synergistic effect of miR-21 and miR-20a cotransfection on apoptosis in U87 cells.
In order to further investigate the synergistic effects of miR-21 and miR-20a, TUNEL staining was used for qualitative observation of apoptotic cells and the percentage of apoptotic cells was quantified using Image-Pro Plus software. Compared with the NC group, transfection with a miR-21 inhibitor significantly promoted apoptosis in U87 cells, and transfection with miR-20a promoted apoptosis to a limited degree. By contrast, cotransfection with miR-21 and miR-20a markedly promoted apoptosis with an evident synergistic effect (Fig. 6) .
Flow cytometry was performed to quantitatively analyze the types and proportions of apoptotic cells. As presented in Fig. 7 , compared with the NC group, in which the apoptotic rate was 9.5% [quadrant (Q)2, 7.0%; Q4, 2.5%], transfection with miR-21 or miR-20a alone markedly promoted apoptosis 
Discussion
In previous studies, researchers have confirmed the important regulatory effects of miRNAs in glioma and identified aberrantly expressed miRNAs through analysis and validation of miRNAs in blood from tumor tissue and cerebrospinal fluid (23) (24) (25) (26) . Based on the multi-target regulatory mechanism of miRNAs and long-term study results, it is hypothesized that rational intervention of aberrantly expressed miRNAs may become an important approach to glioma treatment and prevention. Therefore, further analysis of abnormally-expressed miRNAs in brain glioma is of importance to the treatment of glioma.
In the present study, nine abnormal miRNAs in brain glioma cells were selected, and their individual and synergistic effects were examined and compared. The results of the present study demonstrated that the individual regulatory effects of these nine miRNAs on glioma cells are consistent with the results of previous studies (13, (27) (28) (29) (30) . Additionally, the preliminary systems biology approach in the present study indicated that combinations of miRNAs exhibited certain synergistic regulatory effects. The synergistic regulatory effects of miRNAs were experimentally confirmed at the cellular level, and the results were consistent with the results of bioinformatic predictions (20) . The present study demonstrated that miR-21 and miR-20a exhibited the largest synergistic effects among all the tested miRNA pairs; the combination of low-concentration (30 nM) miR-21 and miR-20a inhibitors promoted apoptosis in U87 cells, increased the ratio of early and late apoptotic cells, and exerted combined effects that were increased compared with the sum of the individual effects.
The synergistic effects of miRNAs have been demonstrated in the treatment of breast cancer and non-small cell lung cancer (NSCLC). Kasinski et al (31) demonstrated that the combined application of miR-34a and let-7miR precursor mimics was able to improve the efficacy of treatment for NSCLC, and Stahlhut and Slack (32) demonstrated that it was able to further enhance the sensitivity of NSCLC to erlotinib treatment. Devulapally et al (33) demonstrated that the combined use of miR-21 and miR-10b inhibitors was able to increase the inhibitory effects of the miRNAs on breast cancer cells and promote cancer cell apoptosis. These previous experimental results are consistent with the results of the present study. In addition to the synergistic interference of miRNAs in tumor cells, synergistic regulatory effects of miRNAs have been observed in the regulation of cardiovascular diseases (20) .
Compared with single drug administration targeting a single miRNA, selecting two low-dose miRNAs for synergistic interference has advantages. Synergistic interference is able to increase the effects of the treatment and, additionally, reduce the dose of any single miRNA in order to avoid the off-target effects of miRNAs and achieve multi-target, high-efficiency regulatory effects. However, there were limitations to the present study. The analyses were only performed at the cellular level; detailed studies and animal experiments are required in order to determine the mechanisms of miRNA synergistic regulation. Additionally, the miRNA delivery system used in the present study is associated with certain side effects; therefore, in order to achieve targeted and stable interference effects, drug delivery systems and materials suitable for miRNAs need to be developed. In previous studies, encapsulation of miRNAs with high-molecular-weight polymers, including poly lactic-co-glycolic acid and polyethylene glycol, has been observed to increase the in vivo stability and targeting of miRNAs (33) (34) (35) .
In conclusion, in the present study, it was observed that there exist certain miRNA combinations, which are able to exert synergistic tumor-inhibitory effects on the regulation of apoptosis in brain glioma cells. Of the miRNAs examined, the combined use of miR-21 and miR-20a inhibitors demonstrated the clearest synergistic pro-apoptotic effects. The present study supports the development of rational, effective and novel noncoding RNA-based treatment strategies, for the prevention and treatment of glioma.
